
FTIR reveals structural differences between native
�-sheet proteins and amyloid fibrils

GIORGIA ZANDOMENEGHI,1 MARK R.H. KREBS,2 MARGARET G. MCCAMMON,3 AND

MARCUS FÄNDRICH1

1Institut für Molekulare Biotechnologie (IMB), D-07745 Jena, Germany
2Polymers and Colloids (P&C) Group, Cavendish Laboratory, and 3Department of Chemistry, University of
Cambridge, Cambridge, United Kingdom

(RECEIVED July 30, 2004; FINAL REVISION August 26, 2004; ACCEPTED August 26, 2004)

Abstract

The presence of �-sheets in the core of amyloid fibrils raised questions as to whether or not �-sheet-
containing proteins, such as transthyretin, are predisposed to form such fibrils. However, we show here that
the molecular structure of amyloid fibrils differs more generally from the �-sheets in native proteins. This
difference is evident from the amide I region of the infrared spectrum and relates to the distribution of the
�/� dihedral angles within the Ramachandran plot, the average number of strands per sheet, and possibly,
the �-sheet twist. These data imply that amyloid fibril formation from native �-sheet proteins can involve
a substantial structural reorganization.

Keywords: protein structure/folding; prions; aggregation; amyloid; conformational disease; infrared spec-
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Amyloid fibrils are polypeptide aggregates that can be
formed in the course of degenerative conditions, such as
Alzheimer’s and Creutzfeldt-Jakob diseases. X-ray fiber
diffraction shows that amyloid fibrils encompass a specific
type of �-sheet arrangement, termed cross-� (Serpell et al.
1999). This structure has been suggested to represent a ge-
neric conformational state that can be adopted by many, if
not all polypeptide main chains (Chiti et al. 1999; Fandrich
and Dobson 2002), and which is distinct from a globular
protein, the product of native protein folding encoded
within the genetic sequence. However, polypeptides can
vary tremendously in the conditions most optimal for amy-
loid formation, with some being extremely nonphysiologic.
Amyloid fibrils can be formed from polypeptides that fold
into native proteins lacking �-sheets, such as myoglobin
(Fandrich et al. 2003), or that are intrinsically unable to fold
as monomers, such as polyamino acids (Fandrich and Dob-

son 2002; Perutz et al. 2002). In addition, they can be
formed from polypeptides that fold into native states with
extensive �-sheet structure, such as the 127-residue protein
transthyretin (TTR).

These observations raised questions as to whether native
�-sheet proteins might be predisposed to form amyloid
fibrils and whether their structure is retained during fibril
formation. Structural models have been proposed suggest-
ing that TTR fibrils consist of globular protein units with a
conformation that is almost identical to the fully native one
(Sebastiao et al. 1998; Eneqvist et al. 2000). The solvent
exposure of many residues is similar in both states (Serag et al.
2001). Moreover, familial amyloidosis can be associated with
mutations, such as Val30Met, that have small effects on the
fold of the globular protein, although some decrease the ther-
modynamic stability of this conformation (Kelly et al. 1997).

Fourier-transform infrared (FTIR) spectroscopy has re-
vealed, however, that native �-sheet proteins are associated
with amide I bands that can differ significantly from those
obtained in the analysis of inclusion bodies or thermally
induced aggregates (Oberg et al. 1994; Fink 1998). Amide
I (measured in H2O) or amide I� components (in D2O) occur
in the wavenumber range of from 1600 cm−1 to 1700 cm−1

and arise primarily from stretching vibrations of main-chain
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carbonyl groups. Their sensitivity to secondary structural
context and dihedral torsional angles �/� provides direct
structural information about the polypeptide backbone (Susi
et al. 1967; Timasheff et al. 1967; Krimm and Bandekar
1986; Jackson and Mantsch 1991). Although FTIR lacks the
high resolving power of X-ray crystallography or nuclear
magnetic resonance (NMR), it presents the advantages of
fast-time response and wider applicability required for
studying aggregated materials with natural isotope distribu-
tion. Here, we have used FTIR to explore the molecular
conformations of the native form and amyloid fibrils formed
from TTR and other polypeptide chains.

Results

Native �-sheet proteins and amyloid fibrils differ in
the amide I band

Transmission mode FTIR spectra were recorded using D2O
solutions of recombinant TTR. Native TTR (Fig. 1B) has an
absorption spectrum with a broad amide I� band with a
maximum at 1630 cm−1 (Fig. 1A). TTR fibrils, in contrast,
produce a spectrum with a narrower amide I� band with a
maximum at 1615 cm−1 (Fig. 1C,D) and an additional low-
intensity peak at 1684 cm−1. Although the FTIR spectra
indicate that both structural forms of TTR contain large
amounts of the extended conformation (Krimm and

Bandekar 1986; Susi and Byler 1987), the different position
of the amide I maxima suggests that the two states do not
have the same structure (see below). A literature survey of
amide I� data recorded on amyloid fibrils and globular pro-
teins with at least 30% �-sheet structure (Table 1) revealed
that these effects are not specific to TTR. In fact, amyloid
fibrils and native �-sheet proteins have maxima within two
characteristic, although partially overlapping, spectral re-
gions (Fig. 2). The range of amyloid fibrils extends from
1611 cm−1 to 1630 cm−1, whereas native �-sheet proteins
produce amide I� peaks clustering between 1630 cm−1 and
1643 cm−1. In addition, there are also differences in shape of
the amide I� band, in that native �-sheet proteins have
broader maxima. In two cases, namely TTR and ubiquitin,
FTIR spectra have been recorded using the same polypep-
tide chain in the two conformations.

The spectral characteristics described above do not de-
pend on the presence of deuterons, for similar transitions
were also observed for the normal thermal aggregation of
native �-sheet proteins, such as interleukin-1�, when using
attenuated total reflectance FTIR spectroscopy and fully
protonated samples (Oberg et al. 1994). Furthermore,
simple oligomerization cannot account for these effects too,
as was shown recently for the native �-sheet protein
lithostathine that assembles into nonamyloid fibrils by
oligomerization of globular protein units and without sig-
nificant changes in its amide I band (Laurine et al. 2003).

Component analysis of the spectra recorded on the two
structural states of TTR (Fig. 1A,C) shows that the �-sheet
content of the fibril is insignificantly larger (54%) compared
with the native state (53%), thus indicating that the higher
amide I� maximum of native TTR is not due to the overlap
with a more intense band at higher wavenumbers arising
from non-� structures. Some amyloid fibrils can have a
�-sheet content of only 35% and an amide I� maximum at
1617 cm−1 (Fandrich et al. 2003), whereas some proteins
have a �-sheet content >50% and an amide I� maximum at
1643 cm−1 (Table 1). We conclude that the spectral and
structural differences of two forms of TTR are inherent to
properties of their �-sheet structure.

Amyloid fibrils populate a specific region of the
Ramachandran plot

Early investigations suggested that FTIR spectroscopy
might be able to distinguish parallel from antiparallel
�-sheets, in that the latter possess amide I� maxima at
smaller wavenumbers along with a low-intensity peak
around 1685 cm−1 (Toniolo and Palumbo 1977; Krimm and
Bandekar 1986). Although these antiparallel properties are
observed in many amyloid fibril samples, implying that
these might be constituted of antiparallel �-sheets, the low-
frequency component present in amyloid fibril samples has
been related to residual amounts of nonfibrillar material

Figure 1. Structure of native TTR and TTR amyloid fibrils. Amide I�
region from the FTIR spectrum of native TTR (A). Ribbon diagram of the
native TTR tetramer (PDB code 1RLB). Helices are colored dark gray,
�-sheets are colored light gray, and loops are white (B). Amide I� region
(C) and EM image (D) of TTR amyloid fibrils. Experimental infrared data
points are displayed as diamonds. The individual components of the curve
fit are displayed with dotted lines. Their sum (continuous line) overlaps the
experimental data closely.
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rather than to the amyloid core structure itself (Zurdo et al.
2001). In addition, solid-state NMR spectroscopy and X-ray
diffraction show that several amyloid fibrils possess parallel
�-sheets (Blake and Serpell 1996; Antzutkin 2004), and
increasing experimental and theoretical studies argue that
the properties mentioned above do not represent a general
discrimination between parallel and antiparallel �-sheets
(Susi and Byler 1987; Kubelka and Keiderling 2001; Barth
and Zscherp 2002).

Therefore, we investigated whether the FTIR spectral dif-
ferences between �-sheets in globular proteins and amyloid
fibrils in Figure 2 arise from other conformational proper-
ties of the �-sheets, for example, a different distribution of
the �/� dihedral angles. Solid-state NMR studies provided

the �/� angles for the amyloid fibrils from the two peptides,
that is, TTR(105–115), which corresponds to residues 105–
115 of transthyretin (Jaroniec et al. 2002, 2004) and A�(1–
40) (Petkova et al. 2002). Comparing the Ramachandran
plots of native TTR (or other native �-sheet proteins) and
the two amyloid structures, differences in the population of
the �-sheet region become evident (Fig. 3A,B). Whereas the
�/� pairs for native TTR sample most of the area that rep-
resents �-sheet structure and that extends mainly to the right
side of the diagonal (Fig. 3A), �/� pairs for TTR(105–115)
and A�(1–40) are characterized by a narrow distribution
close to the diagonal � � −� (Fig. 3B).

Figure 3C shows a comparison of the torsional angles of
residues 105–115 in TTR(105–115) amyloid fibrils and in

Table 1. Structural parameters and infrared data of globular �-sheet proteins and amyloid structures

Sequence
PDB
code

�-sheet
content

(%)

Average
no. of

strands/sheet

Parallel
�-sheet

content (%)
Twist angle

� (°)
Amide I�

maximum (cm−1) Reference

Native proteins
Avidin 1RAV 50 8.0 0 37 1633 (Swamy et al. 1996)
Azurin 1JOI 34 4.0 36 33 1638 (Surewicz et al. 1987)
Basic Fibroblast Growth Factor 2FGF 39 5.2 0 51 1643 (Dukor et al. 1992)
Choleratoxin Subunit B 1JR0 37 6.0 0 38 1633 (Surewicz et al. 1990)
Green Fluorescence Protein 1EMA 51 11.0 12 27 1630 (Fukuda et al. 2000)
Intestinal Fatty-acid

Binding Protein 2IFB 59 10.0 0 31 1631 (Muga et al. 1993)
�-Lactoglobulin A 1QG5 44 10.0 0 32 1634 (Dong et al. 1996)
Platelet Derived Growth Factor 1PDG 51 2.5 0 43 1643 (Prestrelski et al. 1991)
Porcine Pancreatic Elastase 1QNJ 34 7.0 0 50 1636 (Byler et al. 1995)
Ribonuclease 1KF5 33 3.5 0 41 1637 (Panick and Winter 2000;

R. Winter, pers. comm.)
Serum Amyloid P Component 1SAC 44 8.0 0 28 1633 (Dong et al. 1994)
Staphylococcal Nuclease 1STN 30 5.6 0 49 1631 (From and Bowler 1998)
Tendamistat 1HOE 46 3.0 0 49 1635 (Zscherp et al. 2003)
Transthyretin 1F41 53 9.0 15 35 1630 This study
Ubiquitin 1UBQ 32 5.0 26 48 1642 M. Fandrich, unpubl.

Amyloid structures
A�(1–40) 1625 (Fraser et al. 1992)
Acylphosphatase 1613 (Chiti et al. 1999)
ADA2h 1615 (Villegas et al. 2000)
Amylin 17–37 1626 (Nilsson and Raleigh 1999)
Calcitonin 1620 (Arvinte et al. 1993)
Csp-1 1620 (Wilkins et al. 2000)
Glucagon 1613 M. Fandrich, unpubl.
Lysozyme Asp67His 1630 (Booth et al. 1997)
Insulin 1628 (Bouchard et al. 2000)
Myoglobin 1617 (Fandrich, et al. 2003)
Peptide:

(DPKG)2-(VT)7-GKGDPKPD 1621 (Janek et al. 1999)
Peptide: QG-A7-GQ 1622 M. Fandrich, unpubl.
Peptide: STVIIE 1625 (Lopez De La Paz et al. 2002)
PolyT 1614 (Fandrich and Dobson 2002)
PolyK 1611 (Fandrich and Dobson 2002)
PolyE 1616 (Fandrich and Dobson 2002)
SHa PrP 109–12 1623 (Nguyen et al. 1995)
SH3 1618 (Zurdo et al. 2001)
Transthyretin 1615 This study
Ubiquitin 1615 M. Fandrich, unpubl.
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the context of globular full-length TTR. The most signifi-
cant changes occur in residues Ile 107, Ser 112, Pro 113,
and Tyr 114 (Fig. 3C). Pro 113 and Tyr 114 are not part of
the �-sheet structure in the native state, but revert to an
extended conformation upon fibril formation. Even compar-
ing the �/� pairs of residues 106–112, which adopt the
extended conformation in both states, TTR(105–115) amy-
loid fibrils show a smaller spread of the �/� pairs compared
with native TTR (Fig. 3D) and occur in closer proximity to
the � � −� diagonal. Figure 3, C and D, shows that the
same residues can be present as �-sheet structure in the
amyloid fibrils and in the native conformation, and differ in
structure nevertheless. Taken together, we conclude that the
residues constructing the amyloid fibril core have a greater
structural homogeneity. The restricted distribution of the
�/� pairs within the �-sheet region of the Ramachandran
plot is also consistent with the narrower amide I� bands of
amyloid fibrils (see above), and supports the view that the
spectroscopic differences between native �-sheet proteins
and amyloid fibrils relate to properties inherent in their
�-sheets.

The amide I� maximum relates to the �-sheet twist and
the number of strands per sheet

All native �-sheet proteins are characterized by a right-hand
twist of the �-sheets when viewed along the chain axis
(Chothia 1973; Chou et al. 1982; Salemme 1983). The sheet
twist manifests itself in terms of a strand twist, that is, a
rotation of the backbone hydrogen-bond donor and acceptor
groups around the strand axis. This property is associated

with �/� pairs extending largely toward the right side of the
� = −� diagonal in the Ramachandran plot, whereas planar
�-sheets have �/� pairs close to the diagonal (Chothia
1973). To test whether the amide I� characteristics might be
affected by the twist angle, we have analyzed the set of
native �-sheet proteins described in Table 1, where the am-
ide I� maximum can be readily related to the molecular
structure. The average twist angles � of these proteins range
from 28° to 51°, which is in good agreement with literature
data (Richardson 1981; Yang and Honig 1995). When com-
paring � with the amide I� maxima, larger twist angles are
correlated with maxima at higher wavenumbers (Fig. 4A).
A linear fit gives an R-value of 0.68, which improves even
to 0.79 if the data set is restricted to crystal structures of �2
Å resolution. In addition, we found that the amide I� maxi-
mum of native �-sheet proteins depends also on the average
number of strands per �-sheet (Fig. 4B), in that small sheets
produce amide I� maxima at higher wavenumbers. The twist
angle and the number of strands per sheet are related prop-
erties, as it is known that �-sheets consisting of only few
�-strands are associated with larger twist angles than
�-sheets containing a large number of strands (Richardson

Figure 3. Comparison of the (�,�) dihedral angles in native �-sheet pro-
teins and amyloid fibrils. (A,B) Ramachandran plots of native TTR (A) and
amyloid fibrils formed from TTR(105–115) (▫) and A�(1–40) (� and �)
(B). For A�(1–40) two sets of (�,�) measurements were reported (Petkova
et al. 2002). Errors in A and D represent the deviation of �,� when com-
paring the two protein molecules in the asymmetric unit. Often the errors
are smaller than the symbol size. Residues 98–103 were omitted in the plot
(A) because they form loops of evidently different structure. (C) Deviation
of � (open bars) and � (filled bars) angles of TTR(105–115) amyloid
fibrils compared with the respective residues in native TTR. The � angle
of Pro 113 in the amyloid structure was calculated from the structural
ensemble in the PDB-file 1RVS. (D) Ramachandran plots of residues
106–112 in native TTR (▫) and TTR(105–115) amyloid fibrils (●).

Figure 2. Amide I� maxima of native �-sheet proteins and amyloid fibrils.
Spectral position of the amide I� maxima of amyloid fibrils (A) and native
�-sheet proteins (B), taken from Table 1.

FTIR of amyloid fibrils and native �-sheet
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1981). Consistent with this, ab initio calculations have
shown that the amide I� maximum will be shifted to higher
wavenumbers if the number of strands per �-sheet de-
creases, or if the twist angle is increased (Kubelka and
Keiderling 2001). At present, it cannot be decided, however,
whether the correlations shown in Figure 4 depend on the
parallel or antiparallel nature of the underlying �-sheets,
because the native protein structures available for this
analysis (Table 1) are dominated by antiparallel �-sheets.

Extrapolating the correlations from Figure 4 also to
wavenumbers below 1630 cm−1 predicts that amyloid fibrils
would possess �-sheets that differ from native �-sheet pro-
teins by having smaller twist angles and a larger number of
strands. Whereas the latter property is clearly associated
with amyloid fibrils, it is much more difficult to assess, in
the absence of information on the quaternary structure of
amyloid fibrils at atomic resolution, the possible involve-
ment of �. The presently available NMR data on the struc-
ture of amyloid fibrils lead to twist angles of � � 26° ± 24°
for TTR(105–115) fibrils, and � � 14° ± 37°, as well as

� � 17° ± 38° for the two data sets of A�(1–40) (Petkova
et al. 2002). In spite of large errors, all values would appear
within a range of � angles as would be predicted by the
correlation in Figure 4A. In addition, we have considered
the spectrum of amyloid fibrils formed by an Ala-rich pep-
tide (sequence QG-A7-GQ, Table 1) with an amide I� maxi-
mum of 1622 cm−1. It is known that �-poly-L-Ala is a
pleated structure with � ≈ 0° (Arnott et al. 1967), again in-
dicating that the correlation in Figure 4A holds also for
amyloid fibrils. Taken together, we propose that amyloid
fibrils and native �-sheet proteins produce different amide
I� bands, as they differ by the structural variability of the
residues constructing their sheets, the average number of
strands per sheet, and the twist angles. It is of note that the
latter conclusion is supported independently by cryo-elec-
tron microscopy, which also has suggested that amyloid
fibrils have smaller twist angles compared with native pro-
teins (Jimenez et al. 2002).

Discussion

We show here that amyloid fibrils and native �-sheet pro-
teins can be distinguished on the basis of the amide I� region
of their infrared spectra. Although both structural forms are
evidently composed of �-sheet structure, FTIR data indicate
that these �-sheets are generally different. Interestingly, in-
clusion bodies and thermally induced nonfibrillar aggre-
gates have the same type of infrared spectrum as the one
presented here for amyloid fibrils (Jackson and Mantsch
1991; Fink 1998), suggesting that these various aggregated
states represent a common group of structures, alternative to
native �-sheet proteins.

The amide I� maxima of native �-sheet proteins correlate
with the average number of strands and the �-sheet twist. Of
course, the present analysis cannot compare individual sec-
ondary structural elements, such as specific strands, and we
have examined globally averaged structural properties. This
reveals that �-sheet structure absorbs in a very broad spec-
tral range, and indeed, the residues present in the �-sheets of
natural proteins can vary substantially in their �/� dihedral
angles. This heterogeneity is reduced in the amyloid fibril,
and these sheets possess more strands and, possibly, a
smaller twist angle. However, the variability of the observed
maxima implies that this correlation is modulated by addi-
tional factors.

We believe that these findings have three major implica-
tions. First, they might enable applications of infrared spec-
troscopy in the clinical diagnosis of amyloid, for example,
by using FTIR-microscopes (Choo et al. 1996). Second, the
general spectroscopic difference between amyloid fibrils
and native �-sheets suggests that they represent different
types of structure, and that a substantial structural reorga-
nization is necessary to form amyloid fibrils from a native
�-sheet protein. The experimentally verified amyloid fibril

Figure 4. Comparison of the amide I� maximum with the twist angle and
the number of strands. Correlation between the amide I� maximum and the
twist angle � for native �-sheet proteins in Table 1 (A). Data points fit with
v � 1621 + 0.4 · �, where v is the amide I� maximum (R-value 0.68).
Correlation between the amide I� maxima of native �-sheet proteins and
the average number of strands per sheet, s (B). Data can be fitted with the
curve v � 1643 − 1.2 · s, R-value: 0.75. Staphyloccal nuclease (+) was not
included in the fit, as the extraordinary difference (18 cm−1) of the amide
I maximum between the H2O and D2O spectrum (From and Bowler 1998),
indicates that D2O samples are affected by factors that this analysis does
not take into account, such as structural rearrangements during deuteration.
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structures from transthyretin and the SH3-domain from PI3-
kinase cannot be explained with the native structure of these
proteins (Blake and Serpell 1996; Jimenez et al. 1999).
Moreover, increasing evidence suggests that amyloid fibril
formation involves the disruption of a significant fraction of
the native contacts in conjunction with an at least partial
unfolding of the native structure (Fandrich et al. 2003).
Finally, our study promotes ideas that it is possible to de-
velop therapeutic agents that act specifically on amyloid
structures by inhibiting their formation, but which do not
impair the folding of native �-sheet proteins.

Materials and methods

Preparation and analysis of transthyretin samples

Transthyretin was obtained by using a recombinant expression
scheme (McCammon et al. 2002). Labile hydrogens of TTR were
replaced with deuterium by repeated cycles of dissolving in D2O
solution and lyophilization. The spectrum of native TTR was re-
corded using a freshly dissolved solution of the protein (10 mg/
mL) in D2O (pD 6.75). pD adjustments were carried out using DCl
or NaOD solutions (Sigma). All pD values were not isotope cor-
rected. Amyloid fibrils were formed by incubation of 10 mg/mL
TTR in D2O (pD 2.0) for 3 d at 37°C. Nonaggregated material was
removed by centrifugation before recording the FTIR spectrum.
Presence of amyloid fibrils was demonstrated with negative stain
electron microscopy as described previously (Fandrich and Dob-
son 2002).

Spectra were collected at room temperature using a FTS 175C
FT-IR spectrometer (Bio-Rad) equipped with a cryogenic MCT
detector cooled in liquid nitrogen. Sample aliquots were placed
between CaF2 windows separated by a 50-�m polyethylene ter-
ephthalate spacer (Goodfellow). The sample compartment was
thoroughly purged with dry nitrogen. Spectra represent averages of
256 scans recorded between 3000 cm−1 and 1000 cm−1. Fitting of
the amide I� band was performed using Lorentzian and Gaussian
curves.

Construction of libraries of native �-sheet proteins and
amyloid fibrils

To create the libraries of native �-sheet proteins and amyloid
fibrils reported in Table 1, we used amide I� absorption maxima,
including only original spectra from literature data. In addition, all
spectra were recorded in the transmission mode. The native
�-sheet proteins in our libraries possess a native �-sheet content of
at least 30%, on the basis of the Promotif definitions implemented
in the PDBsum directory (http://www.biochem.ucl.ac.uk/bsm/
pdbsum). This definition considers only residues present in
�-sheets, but it excludes �/� pairs that occur within the �-region
of the Ramachandran plot, and are located in turns of the tertiary
structure. We have tried, alternatively, to relate the FTIR proper-
ties with � values obtained by averaging all �/� pairs within the
�-sheet region, hence, including residues that are not actually lo-
cated in �-sheets, but which have similar �/� pairs. However, this
definition decreased the correlation substantially. Finally, in the
libraries, cases of sequential or structural homology were excluded
by using no more than one example per protein family, on the basis
of the definitions of the SCOP database (http://scop.mrc-lmb.

cam.ac.uk/scop/). In the case of the amyloid fibrils, we excluded
homologous sequences or data from smaller sequence fragments if
the spectrum of a larger sequence region was also available.

Structural analysis of native �-sheet proteins

All native �-sheet protein structures used in this analysis were
obtained by X-ray crystallography. The �-sheet content and the
average number of strands per �-sheet are based on the definitions
from Promotif (PDBsum database, http://www.biochem.ucl.ac.uk/
bsm/pdbsum). In the case of proteins containing more than one
�-sheet, these averages were weighted for the number of residues
in each sheet. Cholera toxin subunit B, a complex containing in-
termolecular �-sheets, had to be defined manually to encompass
six strands per sheet. The parallel strands content in Table 1 has
been determined as the number of backbone-to-backbone hydro-
gen bonds between parallel strands, relative to the total number of
hydrogen bonds connecting strands in the �-sheet, using the hy-
drogen bonds definition of RasMol (Sayle and Milner-White
1995). The average twist angle � was computed in all cases from
the dihedral angles (�, �) of those residues that are present in
�-sheets and occur within the second quadrant of the Ramachan-
dran plot (−180° � � � 0° and 180° � � � 0°). If the asymmetric
unit contains more than one protein subunit, the � value was av-
eraged over all subunits and weighted for the �-sheet content if
different in the various subunits. The twist angle � was calculated
as a function of the dihedral angles (�, �, �) (Chou et al. 1982;
Shamovsky et al. 2000). With the assumption, � � −180°, that is,
all peptide bonds are present in a trans conformation, � was ap-
proximated from the expression

sin���4� = −0.814 � sin�� + �

2 � + 0.030 � sin�� − �

2 �
(Chou and Scheraga 1982; Chou et al. 1982). It is difficult to
estimate the error of these measurements and to compare them
between NMR data sets (amyloid fibrils) and crystal structures
(native proteins). In the latter case, we obtained an estimate of the
� errors by comparison with crystal structures containing more
than two protein subunits in the asymmetric unit and their devia-
tion of the �/� angles, depending on the resolution. On the basis
of this analysis, we obtained errors (	�) of 1.6° (resolution �2 Å)
or 3.5° (resolution >2 Å). In contrast, the errors 	� were calculated
for the amyloid fibril data from the errors on �/� of each residue,
as measured by NMR (Petkova et al. 2002; Jaroniec et al. 2004).
It is worthwhile to notice, however, that the distribution of the �
values is very narrow, compared with the substantial errors ob-
tained with this method, thus raising the question whether using
the errors on �/� from the NMR data overestimates the true er-
rors 	�.
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